Subunit rotation within the F1 catalytic sector of the ATP synthase has been well documented, identifying the synthase as the smallest known rotary motor. In the membrane-embedded F O sector, it is thought that proton transport occurs at a rotor͞stator interface between the oligomeric ring of c subunits (rotor) and the singlecopy a subunit (stator). Here we report evidence for an energydependent rotation at this interface. 
, see ref. 18 ) down a transmembrane, electrochemical gradient to drive net ATP synthesis. Under certain conditions, this coupling process can run in reverse as an ATPase-driven proton (or sodium) pump. The mechanism by which the ATP synthase catalyzes efficient, reversible energy coupling between vectorial ion transport and the chemical reactions of ATP synthesis͞ hydrolysis has been a major focus of research in bioenergetics.
The binding change mechanism provides a model that best accommodates a broad range of experimental results (19, 20) . It states that energy from proton transport through F O indirectly drives net ATP synthesis by inducing cyclical conformational changes between tight substrate binding and product release at three alternating, cooperative catalytic sites on F 1 (21, 22) . It further proposes that these binding changes are driven by the rotation of an asymmetric core (␥ in Fig. 1 ) relative to the three surrounding catalytic subunits (␤) (23) .
The structure of F 1 at atomic resolution showed that ␥ determines the conformational states of the three catalytic subunits (7) , consistent with a rotary mechanism. Subsequent studies with isolated F 1 -ATPase (24) (25) (26) documented catalysisdependent rotation of ␥ relative to the catalytic ␤ subunits. A disulfide-crosslinking approach indicated that rotation of ␥ also occurs in membrane-bound F O F 1 during ATP hydrolysis (27) and synthesis (28) . Finally, it was shown that, during ATP hydrolysis, also moves with ␥ as part of the central rotor in F 1 (29) as well as in membrane-bound F O F 1 (30) .
In coupling proton transport to ATP synthesis, most recent models predict that subunit rotation also occurs within F O (see refs. 1 and 31-33). The two motors, F 1 and F O , are thought to share a common rotor (␥c 9 -12 ) and a peripheral stator (b 2 ␦) so that proton-driven rotation in F O forces ␥ to rotate within F 1 , thereby driving the binding changes required for ATP synthesis (Fig. 1) . Recent experiments indicate that the c ring moves with ␥ as part of the rotor in F O F 1 . Coupled functions of E. coli F O F 1 were not blocked by an -c disulfide linkage (34) nor by the combined ␥--c disulfide linkages (35) . With detergent-extracted E. coli F O F 1 , anchored to a solid surface by affinity tags on the ␣ subunits, an actin filament attached to the c ring was observed to rotate by fluorescence microscopy (36) . However, the functional significance of this observation is controversial (37) , because rotation was insensitive to specific inhibitors of F O function. Furthermore, the results suggest a rotation of the c ring relative to the immobilized ␣ 3 ␤ 3 complex, but do not provide information regarding possible rotation relative to other F O subunits. The first direct indication of relative subunit rotation within F O has come from a recent crosslinking study. Exchange of c subunits at the interface of the c ring with b 2 indicates rotation of the c ring vs. b 2 , but again it was not possible to demonstrate energy-dependent rotation (38) .
Extensive genetic studies (ref. 39 and reviewed in refs. 32 and 40) have long suggested that subunits a and c function together to transport protons. Rotation of the c ring relative to subunit a could explain how a single copy of a can coordinate this function with multiple copies of c. Detailed models for such a rotary transport mechanism have been presented (5, 24, 31, (41) (42) (43) (44) (45) but, as yet, there is no direct evidence that the c ring rotates relative to subunit a.
Here we focus on the interface between subunit a and the c ring, with the goal of testing whether energy-dependent subunit rotation may occur. Our strategy required the ability to form an a-c disulfide crosslink as a means of identifying the particular c subunit that is adjacent to subunit a, combined with an ability to asymmetrically tag the c subunits. An energy-dependent change in the amount of label associated with the c subunit that can be trapped in the a-c crosslinked product then would indicate a rotation of the c ring relative to subunit a. A recent exhaustive topological study involving intersubunit disulfide crosslinking of pairs of substituted cysteine identified points of contact between subunit a and an adjacent subunit c (43) . One such contact point involved the aN214C͞ cM65C cysteine pair, which we chose for our study because of its high crosslinking yield (43) . As a means of tagging the c subunits, we chose minimal labeling by N,NЈ-dicyclohexyl-[ relative to other c subunits. However, exposure to conditions for ATP-driven catalytic turnover before crosslinking resulted in a significant increase in 14 C in the a-c band. These results provide evidence for an energy-dependent rotation of the c ring relative to subunit a. . To allow optimal overexpression of F O F 1 containing these mutations, the mutant uncBE genes (for subunits a and c, respectively) were transferred from the above constructs into the high copy number construct pJW1, which encodes the genes for all eight subunits of F O F 1 (48) . Each pDF163 construct was first converted to a pYZ201 construct by inserting the 6.95-kb SphI fragment from wild-type pYZ201 into pDF163's unique SphI site, in the desired orientation (uncBEFHAGDC). The 4.4-kb HindIII fragment (uncBEFHAGЈ) of each mutant pYZ201 was then used to replace the same wild-type fragment in pJW1. All cloning procedures followed standard protocols. The final clones, pJW1-cQ42C, pJW1-aN214C͞cM65C, and pJW1-aN214C͞cQ42C͞cM65C, were transformed into the expression strain AN887, in which the chromosomal unc operon is inactivated (49) . Cells were grown in volumes up to 12 liters in defined medium with appropriate supplements (50), including 0.05-0.1 mg ampicillin͞ml, 40% Luria broth, 60 mM glucose, and 1% (vol͞vol) glycerol.
Experimental Procedures
Preparation of Membranes. All steps were done at 4°C, and the pH of each buffer was adjusted at 4°C unless otherwise noted. Membranes were prepared as described (48) , stopping after the final wash with buffer containing p-aminobenzamidine. Using purified F O F 1 as a standard on SDS͞PAGE, stained ␣ and ␤ subunits and immunodetection of subunit a all indicated that F O F 1 accounted for Ϸ50% of total membrane protein. (24) . The membrane-embedded F O sector catalyzes proton transport and consists of one copy of subunit a, a dimer of b subunits, and an oligomeric ring of c subunits. The hydrophilic F 1 sector extends Ϸ120 Å from the cytoplasmic face of the membrane and contains five subunits with the stoichiometry ␣3␤3␥1␦11. The ␣ and ␤ subunits alternate in a hexamer that surrounds a central asymmetric core consisting of the ␥ subunit. Three catalytic nucleotide-binding sites (one visible) are located at alternate ␣͞␤ subunit interfaces, primarily on the ␤ subunits. F1 binds to FO through two distinct linkages: (i) a central stalk (or rotor) comprised of ␥ and anchored to the c ring, and (ii) a peripheral stalk (or stator), comprised of b 2␦, that anchors ␣3␤3 to the a subunit. Two partial channels for proton transport, each accessible to a different side of the membrane, are thought to be located between the a and c subunits. During ATP synthesis, each proton would enter through the periplasmic channel and bind to a deprotonated c subunit. The c ring then would rotate one step to the right relative to subunit a, and net transport would occur as a previously protonated c subunit moves into alignment with the cytoplasmic channel and loses its proton. Because the c ring is anchored to ␥ and subunit a is tethered to ␣3␤3 by b2␦, rotation of the c ring relative to subunit a forces ␥ to rotate relative to the catalytic subunits, thus driving the binding changes required to achieve net synthesis of ATP.
noted) in MTGMg8 buffer for up to 2 h at room temperature. Aliquots were removed for immediate coupled-enzyme assays of ATPase. An aliquot also was taken to determine total covalent 14 C labeling of proteins as described below. Immediately after reaction with [ 14 C]DCCD, aliquots were diluted to 0.5 mg͞ml with MTGMg8 buffer containing additional MgCl 2 (5 mM final) and 2 M p-trifluoro-methoxyphenylhydrazone (FCCP) (except as noted). For most samples, an equal volume of buffer containing either ADP͞P i or ATP was added with vortexing (4 mM final ADP͞P i or ATP). An additional variation was the addition of ADP͞azide (1 mM each, final) during the second hour of DCCD treatment, followed by dilution with buffer containing ATP as above. For ATP synthesis conditions, 5 mM or 12 mM MgCl 2 was used, FCCP was omitted, and samples were preincubated with succinate (2.5 mM) for 4 min to establish a transmembrane proton motive force. ADP and P i (4 mM͞20 mM final) were then added and the sample was incubated for 2-3 min at room temperature. Finally, I 2 was added (50 M final), and samples were incubated for 10 min to induce a-c crosslinking. To maintain consistency in the oxidation potential, I 2 was diluted to 1 mM with MTGMg8 from a 0.2 M stock in dry ethanol just before addition to each sample. Each reaction was quenched by mixing a 7:3 volume ratio of sample with 4ϫ gel sample buffer (51) containing 5 mM NEM to block cysteines.
SDS͞PAGE, SYPRO Orange Staining, and Detection of Relative 14 C
Incorporation. Samples (typically 8 g protein͞lane) were electrophoresed (51) on a 4-15% polyacrylamide gradient gel. The gel was soaked in water for 10 min, then stained with 50 ml of SYPRO orange [1:5,000 dilution in 7.5% glacial acetic acid (vol͞vol)] for 45 min. The gel was destained with 7.5% (vol͞vol) acetic acid for 25 min, and then placed in water for 30 min. Protein bands with bound SYPRO orange were imaged by scanning the gel with a STORM 860 (Molecular Dynamics) in blue fluorescent mode. The gel was then vacuum-dried on filter paper and exposed to a low-energy storage phosphor screen (Molecular Dynamics) for 40-120 h to detect 14 C-containing bands. The exposed screen was then scanned on the STORM 860 in the phosphorimage mode at 650 nm. IMAGEQUANT 5.1 software (Molecular Dynamics) was used for data analysis. For analysis of 14 C label in components of the a-c band, a gel slice containing the band was macerated and incubated for 2 h at 30°C with a minimal volume of 1ϫ gel sample buffer containing ␤-mercaptoethanol and 50 mM DTT. The sample was then centrifuged and the supernatant was loaded on a 4-15% Ready gel for separation of proteins. The gel was stained with SYPRO orange to reveal residual, unreduced a-c product as well as a-and c-subunit bands. The gel was then dried and exposed to a low-energy storage phosphor screen for Ϸ210 h to quantitate 14 C.
Detection of Subunits a and c by Immunoblotting. Electrophoresis was performed as above, with 4 g of membrane protein loaded per lane. Protein bands were transferred to a poly(vinylidene difluoride) membrane as described (27) , with 0.25 A of constant current for 75 min. Immunoblotting followed a previous protocol (30) . Incubation with anti-a or anti-c rabbit antibody (1:5,000) was for 2 h. Incubation with 125 I-labeled anti-rabbit-Ig antibody was for 1.5 h. After the final rinse, the blot was dried and exposed to a standard phosphor screen (Molecular Dynamics) for 20-24 h. The exposed screen was scanned and analyzed as noted above.
Other Assays. To determine total covalent incorporation of 14 C into proteins after treatment of membranes with [ 14 C]DCCD, protein was precipitated with deoxycholate and trichloroacetic acid (52), the pellet was washed with 0.5 ml of cold trichloroacetic acid (10%, wt͞vol) and resuspended in gel sample buffer lacking reductant. Aliquots were then taken for scintillation counting and protein determination. Control experiments with F O F 1 liposomes (not shown) confirmed that all F O F 1 subunits were precipitated and recovered equally by this procedure. For liquid scintillation counting of 14 C, each sample was added to a vial containing 4 ml of Biosafe-II scintillant and 0.5 ml of water, then counted in a Beckman LS-6500. Protein was determined by a modified Lowry assay (52) . ATPase activity was measured at 30°C, pH 8, with a spectrophotometric, coupled-enzyme assay as described (30) . Assay conditions included 6 mM MgCl 2 , 5 mM ATP, 10 M p-trifluoro-methoxyphenylhydrazone (FCCP), and 5 mM KCN. In some experiments, 0.5% lauryl dimethylamine oxide was added to assays to uncouple F 1 from F O (53) and thus determine whether any inhibition of ATPase was caused by direct modification of F 1 subunits by [ 
Results
Iodine was used to induce crosslinking of aN214C to cM65C in E. coli membranes. The identity of the a-c crosslink band on SDS͞PAGE was confirmed by immunoblotting using the same antibodies against a (Fig. 2 ) and c (data not shown) as used by Jiang and Fillingame (43) . Incubation with 50 M I 2 for 10 min (Ͼ97% crosslinking; Fig. 2 , lane 2 and Table 1 ) was much more effective than incubation for 1 h with copper phenanthroline (Ͻ40% crosslinking; ref. 43) .
With the ability to crosslink subunit a to a properly aligned c subunit, our next goal was to obtain differential labeling of the c subunits so that the proximal c subunit could be distinguished from others in the c ring. It had been previously reported that the cQ42C substitution in the subunit's polar loop allowed rapid Fig. 2 . Anti-a immunoblotting analysis of aN214C͞cM65C-membranes. As indicated above the lanes, aliquots of aN214C͞cM65C-membranes were incubated with or without 10 M DCCD for 2 h, then with or without 50 M I2 for 10 min. Samples were subjected to nonreducing SDS͞PAGE and transferred to a poly(vinylidene difluoride) membrane. Immunodetection of bands containing subunit a was performed as described in Experimental Procedures. Nonoxidized samples show a minor immunoreactive band just above the position of migration of the a-c band that becomes smeared upon oxidation. This band is not observed on immunoblots of isolated F OF1 in liposomes (not shown). See Table 1 for quantitation of crosslinking. (Table 2 ). † Crosslinking efficiency (ϮSD) was estimated from immunoblot detection of subunit a (see Fig. 2 ). Controls using varied amounts of nonoxidized sample established that the assay provided a linear response to subunit a for the amounts remaining in oxidized samples. ‡ Exposure to MgATP before crosslinking had no significant effect on the yield of a-c product. showed that the membrane-embedded Cys residues were much less reactive toward [ 14 C]NEM than was cQ42C. Consequently, the yields of a-c crosslinking with aN214C͞cM65C͞cQ42C-F O F 1 liposomes were not significantly decreased by labeling a fraction of c subunits at cQ42C. However, even under mild conditions that labeled only one cQ42C͞F O F 1 , there was no evidence of asymmetry in the 14 C content of c subunits relative to the specific c subunit that could form the a-c crosslink upon oxidation.
As an alternative approach, we reasoned that c-subunit residues at the a͞c interface might be less accessible to modification by hydrophobic reagents than those exposed to lipids (see Fig. 1 ). To test this possibility, we treated the enzyme with [ Table 2 ). The distribution of 14 C label among protein bands on SDS͞PAGE is shown in Fig. 3A . High specificity for labeling c subunits is evident, as the c band accounted for Ͼ90% of all 14 C incorporated. A small amount of 14 C was present at the position of a-c even in nonoxidized samples (Fig. 3A, black  trace) , but immunoblotting indicated that Ͻ5% of subunit a was present at that position before oxidation (Fig. 2) . If the labeling of c subunits with [ 14 C]DCCD was random, then after oxidation, the single c subunit in the a-c band should contain Ϸ10% of the total 14 C incorporated, assuming 10 copies of c per F O (13, 57) . However, only a small increase in 14 C was detected in the a-c band of oxidized samples (green trace). After subtracting the background radioactivity at the a-c position for a nonoxidized control, the a-c crosslinked product contained only 1.2% (Ϯ0.3) of the total 14 C bound to c subunits. This value is 8-fold less than expected from random labeling of subunits within the c ring.
One trivial explanation for the low level of labeling of the a-c crosslinked product that would still be consistent with random labeling of c subunits would be that DCCD modification of cD61 prevents cM65C from crosslinking to aN214C. If this was the case, then the labeling of about 20% of the c subunits would result in a 20% decrease in the yield of the a-c crosslinked product. However, quantitation of subunit a in the a and a-c bands of immunoblots does not support this possibility. The crosslinking yield was decreased by less than 4% by labeling with 10 M DCCD (Table 1) . Furthermore, after treating membranes with 100 M DCCD to label most of the c subunits (Table 2) , the a-c crosslinking yield decreased by less than 20% (Table 1) , whereas the 14 C in the a-c band was Ϸ10-fold less than expected Fig. 3) . A low-level baseline was subtracted for the entire lane. Excluding the ''free'' [ 14 C]DCCD peak, the sum of all significant peak areas is assumed to correspond to the total incorporated 14 C determined by scintillation counting. For nonoxidized samples, the c peak accounted for 93% or 81% of total 14 C incorporated after reaction with 10 or 100 M [ 14 C]DCCD, respectively. The standard deviations shown only reflect experimental reproducibility. Actual stoichiometries may have greater uncertainty due to errors in the measured F OF1 content of membranes, in the specific activity of the [ 14 C]DCCD, in the assumed molecular weight of FOF1 (based on 10 c͞mol), and in the method of background subtraction. for random labeling of c subunits (data not shown). These results clearly indicate that the c subunit capable of forming the a-c crosslink is much less reactive toward DCCD than other c subunits in the c ring.
The asymmetric labeling of c subunits with [ 14 C]DCCD thus allows the c subunit that can crosslink to subunit a to be distinguished from others in the c ring. Although DCCD modification of one or more c subunits inhibits rapid catalysis detectable by normal assays (Table 2 and ref. 58) , it seemed plausible that conditions for ATP hydrolysis might drive a limited rotation of the c ring relative to subunit a and so bring a labeled c subunit into alignment with subunit a. Hence, membranes expressing aN214C͞cM65C were treated with 10 M [ 14 C]DCCD to label about 2 c͞F O F 1 and then exposed to different conditions before oxidation to form the a-c crosslink. Fig. 3B compares the distribution of 14 C on an SDS͞PAGE gel for a labeled membrane sample that was divided and treated for 2 min with either MgADP͞P i (blue trace) or MgATP (red trace) before oxidation to form the a-c crosslink. Treatment with MgATP caused a significant increase in the amount of 14 C present in the a-c band. To be certain that the increase was caused by an increase in 14 C associated with the c subunit, a-c bands were extracted, reduced, and reanalyzed by SDS͞PAGE. In the absence of ATP before oxidation, the a and c bands released from the a-c crosslink showed similar low levels of 14 C. For the sample exposed to MgATP just before oxidation, the level of 14 C in the a band was unchanged, but the c band showed a 2-fold increase (data not shown). Similar results were obtained by using F O F 1 liposomes. Thus, the ATP-induced increase observed (Figs. 3B and 4) was caused by an increase in 14 Clabeled c subunit in the a-c crosslinked product, indicating that a different c subunit had moved into alignment with subunit a.
The MgATP-dependent increase observed was less than one-fourth of that expected if catalysis-dependent rotation of the c ring had completely randomized the position of 14 Clabeled c subunits relative to subunit a. Several factors may contribute to this less-than-maximal response. First, steric hindrance by the incorporated probe may kinetically limit the entry of labeled c subunits into the a͞c interface. Second, a fraction of the F O F 1 may be inhibited by MgADP and thus incapable of ATP-driven subunit rotation. Finally, only c rings with a single modified c subunit may have sufficient rotational mobility to move the labeled c into alignment with subunit a. The latter explanation is consistent with the fact that preincubation with 100 M [ 14 C]DCCD to modify most c subunits completely prevented the ATP effect (Fig. 3B, offset traces for  the a-c peak) . Conditions for oxidative phosphorylation before crosslinking also were tested. However, in this case, no change in the 14 C present in the a-c band was observed compared with the control (Fig. 4) . H ϩ -pumping assays done with aN214C͞cM65C-membranes confirmed that succinate was an effective substrate for generating a transmembrane pH gradient, and vigorous aeration before crosslinking confirmed that oxygen was not limiting under conditions for oxidative phosphorylation (data not shown).
Discussion
The experiments presented here provide direct evidence that c subunits rotate relative to subunit a in membrane-bound F O F 1 . Although the approach used cannot show a complete or unidirectional cycle of rotation, the results are strongly supportive of energy coupling models that postulate direct rotary coupling between F O and F 1 , in which the rotor consists of the c ring plus ␥ and the stator of ab 2 ␦ plus ␣ 3 ␤ 3 (Fig. 1) . Furthermore, we show that subunit rotation at the a͞c interface is energy-driven.
DCCD is a well-known inhibitor of the ATP synthase. Extensive modification of c subunits with 50 or 100 M DCCD inhibits rotation of the c ring relative to subunit b (38) , rotation of ␥ relative to ␣ 3 ␤ 3 (28) , and rotation of the c ring relative to subunit a (Fig. 3B, offset traces) . Hence, at high labeling stoichiometries, DCCD appears to cause total seizure in the F O motor. Even at low labeling stoichiometries, DCCD inhibits catalytic activity measured by standard assays that have detection limits in the hundreds of ATP hydrolyzed per min per F O F 1 (58) . However, to detect subunit rotation by the approach used here, only one or two turnovers are required per F O F 1 during the 2-min incubation with MgATP. Figs. 3 and 4 demonstrate that such limited subunit rotation can be driven by ATP hydrolysis when less than 20% of the c subunits are modified.
We were unable to demonstrate proton-driven subunit rotation under conditions for ATP synthesis. One possible explanation relates to the fact that ATP synthesis rates are typically much lower than ATPase rates for E. coli membranes (28, 59) . Hence the lack of a detectable response may be due to the presence of a smaller fraction of active F O F 1 complexes under ATP synthesis conditions. A second possibility relates to the fact that the c ring would be expected to rotate in the opposite direction from that obtained under ATP hydrolysis conditions. Hence a DCCD- Aliquots were then exposed to the conditions indicated before oxidation by I 2 to induce a-c crosslinking. Samples were subjected to nonreducing SDS͞PAGE, and the relative amounts of 14 C in the c and a-c bands were determined. Anti-a immunoblots showed that the efficiency of a-c crosslinking was consistent from sample to sample. The 14 C content of the a-c band from an oxidized control lacking exposure to nucleotides was subtracted from the a-c value for each experiment. To average the results of independent experiments, data were normalized to the total counts in the c band of the nonoxidized controls. Thus, results for a-c bands are presented as a percentage of the total 14 modified c subunit may run into a greater physical barrier than that encountered when it enters the a͞c interface from the other direction.
The asymmetric labeling of the c ring merits further comment. The c subunit capable of forming the aN214C-cM65C crosslink is strongly resistant to reaction with DCCD relative to other subunits in the c ring (Table 1, Fig. 3A ). This may be the result of reduced access of DCCD to the a͞c interface due to polarity and͞or steric effects. Alternatively, because DCCD reacts with protonated carboxyls (60) , the c subunit aligned to crosslink to subunit a may be in the deprotonated state. This would be consistent with a docking model for the a͞c ring (45) , in which aN214 is proximal to cM65 of the deprotonated c subunit.
